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Abstract 
 
This project presents the process of designing and manufacturing a wearable tone-cancelling 
medical device. 
When strokes happen half of the body can remain paralyzed and some of the arm muscles 
become contracted. The tone-cancelling device creates a specified torque-angle profile for a 
dynamic wrist that cancels the effects of spasticity in the wrist of stroke survivors. The project 
involves a mechanical study of the relative movement of the hand and the arm through the 
wrist and all the forces acting in the different points of the device.  
Moreover this device has been personalized to a specific person. The hand and arm of the 
author of the project has been scanned with 3D technology in order to adjust the device to 
him.  
Finally an economic analysis of the project has been done including all the expenses of the 
project. 
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1. Motivation 
 
From his Bachelor’s degree, the author of this project has always been very interested in 
applying his engineer knowledge to improve illness person’s lives. While he was studding his 
degree he helped the Step-by-step foundation improving some mechanical devices. This 
foundation is located in Barcelona, Spain and they have a big equipment of machines and a 
professional team of physiotherapists that help people who had suffer permanent illness such 
as strokes or spinal cord injuries. When the author realized about professor David 
Reinkensmeyer research he got in touch with him to start a new project.  
As an industrial engineer the author has been working in different fields; electric engineering, 
mechanical engineering, chemical engineering, and others but the mechanical engineering is 
the one he has more expertise in so professor D. Reinkensmeyer proposed him to design and 
manufacture this mechanical device involving mainly kinematics and dynamics analysis plus 
manufacturing processes.  
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2. Introduction 
2.1. Scene 
In the United States more than 700,000 people suffer a stroke each year, and approximately 
two-thirds of these individuals survive and require rehabilitation. The goals of rehabilitation 
are to help survivors become as independent as possible and to attain the best possible quality 
of life. Even though rehabilitation does not "cure" the effects of stroke in that it does not 
reverse brain damage, rehabilitation can substantially help people achieve the best possible 
long-term outcome [1].  
The types and degrees of disability that follow a stroke depend upon which area of the brain is 
damaged. Generally, stroke can cause five types of disabilities: paralysis or problems 
controlling movement; sensory disturbances including pain; problems using or understanding 
language; problems with thinking and memory; and emotional disturbances. 
Paralysis is one of the most common disabilities resulting from stroke. As many as 9 out of 10 
stroke survivors have some degree of paralysis immediately following a stroke.  The paralysis 
is usually on the side of the body opposite the side of the brain damaged by stroke, and may 
affect the face, an arm, a leg, or the entire side of the body. This one-sided paralysis is 
called hemiplegia (one-sided weakness is called hemiparesis). Stroke patients with 
hemiparesis or hemiplegia may have difficulty with everyday activities such as walking or 
grasping objects. Some stroke patients have problems with swallowing, called dysphagia, due 
to damage to the part of the brain that controls the muscles for swallowing. Damage to a 
lower part of the brain, the cerebellum, can affect the body's ability to coordinate movement, a 
disability called ataxia, leading to problems with body posture, walking, and balance [2]. 
Strokes that produce arm paralysis make the hand rotate to the inside part of the arm. This is 
uncomfortable for the patient and it does not allow him or her to use the hand.  
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2.2. Functionality 
The device is composed mainly by a glove, a sleeve attached to the arm, and a six bar linkage 
that connects the glove and the sleeve. Also between the six bar linkage and the sleeve a 
couple of springs produce a torque. This torque is transmitted to the glove through the six bar 
linkage. The whole mechanism is capable to cancel the torque that the wrist produces on the 
hand in consequence of the muscles contraction. This torque depends on the relative angle 
between the hand and the arm and the function torque-angle is a fifth-degree polynomial. The 
tone-cancelling device is capable to produce exactly the same torque but in the opposite 
direction so that it can cancel at any time –for any angle- the torque produced by the wrist.  
This is very useful because it help patients with their rehabilitation exercises and allows them 
to maintain their hand in a confortable position without holding it. It avoids the necessity of 
moving the affected hand with the healthy one during large periods of time. Most of the 
rehabilitation techniques consist on repeated moving of the muscles affected. Some of the 
patients are able to move a little bit their muscles but they cannot move the hand because the 
wrist torque is very high. With the tone-cancelling this torque does not affect anymore so they 
are able to move the hand. The ones that are completely paralyzed need the other hand to 
move the affected one but the force applied is very low. 
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3. Tone-Cancelling Device 
3.1. Kinematic design 
The first step is to determine the relative movement between the hand and the arm. This 
movement is of rotation as it is shown in Fig. 1. Taking the arm as the frame of the system we 
can measure the angles.  
 
Fig. 1: Relative positions of the hand and the arm and its maximum and minimum relative angles: 85º 
(1.5 rad) and -85º (-1.5 rad). 
 
Measurement data of intrinsic wrist torque can be found in Mirbagheri and Settle [3] and is 
shown in Fig. 2. The goal is to design a six-bar linkage that generates a specified torque-angle 
profile which cancels spastic wrist stiffness. This six-bar can be incorporated into a wrist 
splint which passively negates the effects of spasticity. 
 
Tone-Canceling Device  Page 8 
 
  
3.1.1. Input torque profile 
The torque profile is derived from the data collected by Mirbagheri and Settle [3], who 
measured the intrinsic stiffness profile in the wrists of 21 stroke survivors. The data was taken 
from the graph they provided and was least-squares fit with the following fifth-degree 
polynomial: 
 𝑆 𝑥 =  −0.3403347740344527𝑥! + 2.3767146714792213𝑥!+ 1.4329074166324411𝑥! − 0.21211179259258692𝑥!+ 0.5381754676253262𝑥 + 1.903537638831755 
 
(1) 
 
Stiffness is the rate of change of a spring torque with respect to the angular deflection so if 
S(x) is integrated the torque profile can be obtained: 𝑇 𝑥 = 𝑆 𝑥 𝑑𝑥 + 𝑐!=  −0.056722462339075𝑥! + 0.475342934295844𝑥!+ 0.358226854158110𝑥! − 0.070703930864196𝑥!+ 0.269087733812663𝑥! + 1.903537638831755𝑥+ 1.859723104149862 
 
(2) 
 
Equation (2) is graphed in Fig. 2. The integration constant of the torque profile was set such 
that T(−π/3) = 0, which requires an unstable equilibrium at x = − π/3 rad. That means when 
the input link is rotated in the positive direction, a positive torque will act on it and will move 
the link away from the equilibrium position. Thus, this linkage will behave like a spring with 
negative stiffness. 
 
Tone-Canceling Device  Page 9 
 
  
 
Fig. 2: Specified torque and stiffness profiles as derived from Mirbagheri and Settle and the torque and 
stiffness profiles produced by the mechanism. 
 
3.1.2. Input-Output Function 
The use of a function generator to provide a required input torque-angle profile begins with 
the assumption that there are no losses from friction, wear, and dynamic effects, which yields 
to the power balance: 𝑇!"𝑥 = 𝑇!"#𝑦 
 
(3) 
 
Where ẋ denotes the angular velocity of the input crank, and ẏ is the angular velocity of the 
output crank. 
As explained above, the output torque Tout is generated by a torsion spring with stiffness k 
and equilibrium angle ye, therefore the input torque –the one made by the wrist- is given by: 𝑇!" = −𝑘 𝑦 − 𝑦! 𝑦𝑥 = −𝑘 𝑦 − 𝑦! 𝑑𝑦𝑑𝑥 
 
(4) 
 
Tone-Canceling Device  Page 10 
 
  
Which is a function of the input angle x. Equation (4) can be solved for y = f(x) to obtain the 
set of input–output angles needed. 
Separate variables and integrate to obtain: − 1𝑘 𝑇!" 𝑥 𝑑𝑥 = 12𝑦! − 𝑦!𝑦 
 
(5) 
 
And then solve for y to obtain 
𝑦 = 𝑓 𝑥 = ± − 2𝑘 𝑇!" 𝑥 𝑑𝑥 + 𝑦!! + 𝑦! 
 
(6) 
 
The “+” and “−” solutions are two different functions that produce the desired torque profile 
for given spring parameters k and ye. 
The input–output function for the synthesis of a Stephenson III six-bar linkage function 
generator is obtained by substituting (2) into (6), with the requirement that k = 0.45 N·m/rad 
and ye = 2π rad. The “−” solution was taken to calculate the input–output y = f(x) function 
shown in Fig. 3. 
 
 
Fig. 3: Stephenson six-bar linkage and its function with (x, y)=(ΔΦ, ΔΨ). 
 
This input-output function was evaluated at 11 positions of x to obtain the coordinated angles 
shown in Table 1. Investigated producing this function using both link AD as the input –
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solidary to the hand-, and link BF as the output –connected to the spring-, (x, y)=(ΔΦ, ΔΨ).  
 
Table 1: Task position data as displayed in Fig. 3. 
j xj yj 
1 -90º –6.665566873543° 
2 -68º –19.185437363846° 
3 -45º –18.280827185669° 
4 -22º –11.558672810110° 
5 0º 0° 
6 19º 15.000375068384° 
7 37º 34.756261256578° 
8 54º 61.184689516866° 
9 70º 99.804701760596° 
10 82º 148.305746675651° 
11 90º 203.021804302295° 
 
 
3.2. Solid Model 
In order to obtain the wearable device is necessary to create a solid model of the linkage and 
attach it to a rigid glove and sleeve. A first design has been made as seen in Fig. 4. Notice that 
the linkage of Fig. 3 is upside down. The linkage is in both sides of the arm in order to have a 
strong mechanism. In Fig. 4 only the left one is shown. 
 
Fig. 4: Solid model of the kinematic design shown in Fig. 3 incorporated into the dynamic wrist. 
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4. Manufacturing process  
Once the linkage has been modeled with solid bars the glove and sleeve have been designed. 
In order to do it a 3D scanner has been used. The author’s hand and arm have been scanned 
with the Kinect 2.0. Both the glove and the sleeve can be easily modified in order to adapt 
them to any patient. This is shown on Fig. 5.  
 
Fig. 5: Author’s hand scanned with Kinect 2.0. 
All the parts have been designed and assembled with Solid Works and then a first prototype 
has been printed with the Creator Pro 3D printer [8]. After considering different types of 
polymers the ABS (Acrylonitrile Butadiene Styrene) has been chosen. It is the one with a 
higher stiffness form the ones I had at my scope. The prototype was very useful to see that 
most of the parts were not stiff enough. Some of them broke or other bent because of the 
spring torque. All these parts have been redesigned several times until the final device has 
been achieved.  
 
        Fig. 6: Tone-Canceling prototype assembly. 
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4.1. Glove 
The glove has to be confortable and rigid at the same time. It is solidary to the bar AD in Fig. 
3 because it is the input bar. The final design is shown on Fig. 7 and it holds the hand through 
the top half of it and a couple of straps. It has been designed with ABS polymer because is 
very cheap and strong enough.  
 
  Fig. 7: Final Glove design. AD link. 
 
4.2. Sleeve  
The sleeve is the solid of reference or the frame of the linkage in Fig. 3. It holds the three 
points A, B, and C through a one degree of freedom contact. It is in charge to connect the bar 
BF –the output one- with the springs. As the glove, it is held to the arm through a top surface 
plus a couple of straps. One of the springs leg is in contact with the sleeve and the other with 
bar BF. It is also made with ABS. 
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            Fig. 8: Final Sleeve design. 
 
4.3. Bars 
The DGH bar is made with ABS because although it has a little of curvature it does not bend 
when the torque is applied. 
 
         Fig. 9: Final DGH bar design. 
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The CG bar is also made with ABS and it is the simplest one. It does not have any curvature.  
 
Fig. 10: Final CG bar design. 
 
There is very little room for bar HF so it has been designed as you can see on Fig. 11. In this 
case the ABS is not strong enough because the bar bends therefore it has been made with 
aluminium. Several places had been considered and finally the bar has been made by the 
Machine Shop at the Physical Science School of UCI.  
 
Fig. 11: Final HF bar design. 
 
The BF bar is also made with aluminium. It is directly in contact with the springs so it 
requires being strong. Instead of simply attach it to the sleeve it is connected to its symmetric 
bar through a cylinder therefore they rotate together obtaining a stronger mechanism. 
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     Fig. 12: Final BF bar design. 
4.4. Springs  
The torsional springs required have a constant stiffness of k = 0.45 N·m/rad –as explained 
above-. After considering several springs manufacturers, LeeSpring has been chosen [7]. The 
springs that best fits with the requirements taking into account the stiffness and dimensions of 
the device are the LTL085N 04 M for the left side and the LTR085N 04 M for the right side. 
Each one has half of the required stiffness. They have one leg in contact with the sleeve and 
the other with BF bar. The cylinder that makes both BF bars a single solid passes inside both 
springs body diameter as you can see on Fig. 15.  
 
      Fig. 13: Springs. 
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4.5. Final Device 
All the parts mentioned above are assembled with screws as it shown in Fig. 13 and Fig. 14. 
 
Fig. 14: Final device without springs. 
 
Fig. 15: Final device with springs. 
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5. Device Cost 
5.1. Project Design Cost 
The project design cost takes into account all the hours spent by an engineer to design the 
device.  
It has been estimated that 200 hours have been intended to the design of the project. The 
salary of an engineer is $50/hour. Therefore this has a design cost of $10,000. 
5.2. Project Execution Cost 
The materials and processes needed to execute the project have been taken into account in this 
section.  
Table 3: Project Execution 
Concept Price Number Cost 
Fabrication processes 
     Aluminium Cutting 40 $/h 6 h $240  
     3D Printing 0.5 $/h 32h $16 
Materials  
    Aluminium  $2 4 $8 
    ABS polymer $15  1 $15 
    Screws $0.8 12 $9.6 
    Springs $10.42 2 $20.84 
    Straps $0.5 3 $1.5 
Assembly 
    Operator 20 $/h 1h $20 
Total $331 
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Conclusions and Future Work 
 
The Tone-Cancelling device has been designed and built. Once finished and tested it has seen 
that it works with a non-stroke person simulating the muscle contraction. It is ready to be used 
by a stroke patient. 
The precision of the 3D printer is not very high therefore some bars are not exactly as de 
CAD’s designs. In consequence the movement is not exactly as the designed but the 
difference is negligible taking into account the requirements.  
The total cost of the device is $10,331. Taking into account that this is for one single device. 
If more are fabricated the project design cost would be distributed in all of them so the cost 
per device would be lower. Also if several are fabricated the processes of fabrication can be 
easily optimized in order to decrease the execution project cost.  
In order to improve it some materials can be changed. The whole mechanism can be done 
with aluminium, the glove and can be a combination of aluminium and neoprene. This will 
make the device stronger and confortable but the cost will increase considerably.  
The next step would be to replace the springs for a motor. This will also cancel the wrist 
torque and it will help the patient move automatically therefore the rehabilitation will be even 
easier. 
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